Noise-induced hearing loss (NIHL) is a common occupational hazard among workers exposed to noise in the workplace. According to the results of regular health checkups conducted in Japan in 2010, 15 .3% of 268,330 workers exposed to noise were found to have abnormalities upon audiometric examination 1) . If it is impossible to control environmental noise, the use of hearing protection devices (HPDs) is effective in preventing NIHL [2] [3] [4] . Miyauchi reported that 29% of workers do not wear their earplugs correctly 5) . Previous studies have suggested that educating workers by quantitatively showing the noise attenuation (NA) effect of earplugs may be effective in convincing them of the importance of properly wearing such devices [5] [6] [7] . All HPDs sold in Japan are required to be labeled with their laboratory-determined noise reduction ratings (NRRs). The degree of protection provided by HPDs in real industrial environments has been consistently found to be lower than their labeled NRRs 4, 8) . Although the NRR accounts for individual variability in laboratory measurements, it does not adequately compensate for real-workplace variability in the NA.
Two primary techniques are available for measuring the real-workplace attenuation performance of HPDs worn by individual workers: the real-ear-attenuationat-threshold (REAT) and microphone-in-real-ear (MIRE) techniques [8] [9] [10] [11] [12] [13] [14] . The REAT technique involves psychophysical measurements of attenuation obtained by evaluating the audiometric hearing threshold levels (HTLs) for each subject with and without an HPD. The difference between the HTLs obtained with and without the HPD is equivalent to the NA, which is the difference in the noise levels in the ear canal obtained The aim of this study was to compare the noise attenuation (NA) properties of earplugs by using the headphone-based real-ear-attenuation-at-threshold (hREAT) and field microphone-in-real-ear (F-MIRE) techniques. Methods: The subjects were 89 male workers (mean age: 44.8 ± 12.1 yr) exposed to noise above 85 dBA (mean noise exposure period: 14.3 ± 11.3 yr) in a Japanese nonferrous metal manufacturing plant. They were confirmed to have pure-tone air-conduction hearing threshold levels (HTLs). The hREAT and F-MIRE NA values were measured by a Rion AG-20A and a 3M E-A-Rfit, respectively. Results: The NA values could not be measured by hREAT for four workers (hREATgroup). The mean NA of the earplugs for subjects for whom hREAT measurements were possible (hREAT+ group) was 26.0 ± 10.0 dB. The NA of the earplugs could be measured for all subjects using F-MIRE, and the NAs of the hREAT-and hREAT+ groups were 9.5 ± 8.7 and 21.0 ± 7.3 dB. The mean HTL value at 500 Hz to 2 kHz was 45.8 ± 3.1 dB for the hREATgroup, which was significantly lower than the value for the hREAT+ group, 18.0 ± 8.6 dB. Conclusion: Because there is a difference between the NA values obtained by hREAT and F-MIRE, it may be necessary to compensate for this difference. In addition, workers with hearing loss and the length of the measurement time need to be taken into consideration. Finally, the F-MIRE method may be useful for educating workers about using earplugs in noisy workplaces. The MIRE technique is used to obtain objective measurements of the attenuation through the use of either one microphone (placed in the ear canal during measurements with and without an HPD inserted) or two microphones (one placed inside the ear canal underneath an HPD and the other placed simultaneously outside the ear). The NA is the difference between the sound levels measured by the internal and external microphones.
A principal disadvantage of the field REAT technique is its time-consuming nature, since each frequency tested takes at least 30 s and a minimum of at least 1 min is required to test the fit in each ear. For this reason, it takes much longer if multiple frequencies are to be tested 10) . Furthermore, the results have an inherent variability, since the data rely on the listener's ability to track his or her own threshold. It is also hard to use the techniques for subjects with hearing loss [8] [9] [10] . The measurement time is shorter for field MIRE (F-MIRE) than it is for field REAT. The actual measurement for any one fit in one ear takes about 10 s. F-MIRE, however, requires a microphone correction to account for the length of the probe tube between the microphone and the eardrum, and a postcomputational correction is performed to account for the bone-conduction pathways that F-MIRE misses [8] [9] [10] . Although both the REAT and MIRE techniques are intended to measure the same NA, they produce different estimates of attenuation 13, 14) . In Japan, headphone-based REAT (hREAT) is used widely in industrial workplaces 5, 15) . On the other hand, F-MIRE is rarely used. The aim of this study was to compare the NA values obtained by hREAT and F-MIRE in a metal manufacturing plant in Japan and to discuss the practical utility of F-MIRE in this environment.
Subjects and Methods

Subjects and working environment
The subjects were 89 male workers (mean age: 44.8 ± 12.1 yr) exposed to noise above the equivalent continuous A-weighted sound pressure level (LAeq) of 85 dBA in a nonferrous metal manufacturing plant in Japan. The mean noise exposure period for the subjects was 14.3 ± 11.3 yr. We fully explained this study, which had been approved by the safety and health committee of the plant, to the subjects, and all of them consented to participate. This study protocol was consistent with the Japanese Government's ethics guidelines regarding epidemiological studies and was reviewed by the institutional ethics board at Jumonji University.
Types of earplugs
In the plant, several types of earplugs were prepared for so that the workers could choose earplugs comfortable for their ears. The earplugs used by the subjects were classified into three types: roll-down foam earplugs (the foam is rolled into a tiny cylinder and inserted in the ear canal where it expands in place), stemmed-style pod plugs (the plugs are pushed into the ear canal), and premolded rubber-like plugs (usually with multiple flanges or sealing rings). The number of subjects using each of these three types of earplugs was 33, 25, and 31, respectively.
Noise attenuation
In June 2010, a checkup was conducted on all subjects in the morning before they were exposed to noise (more than 12 h after cessation of exposure to noise at work). They were confirmed to have pure-tone air-conduction HTLs at octave-band center frequencies ranging from 500 Hz to 8 kHz after being examined with an audiometer (AA-68N, Rion) equipped with headphones. The checkup was done in a testing booth (AT-61N, Rion) as part of the annual health checkup prescribed by the guidelines for the prevention of noise impairment in Japan. The NA values obtained by hREAT were measured by using a Rion AG-20A 9) , which is the most popular audiometer in Japan. The values of F-MIRE were measured by using a 3M E-A-Rfit 10) . Both measurements were carried out in a quiet room with a background noise less of than LAeq 40 dBA, as determined using a sound level meter (NA-29, Rion). Workers wore their usual expandable custom earplugs (foam plugs, stemmed-style pod plugs, or premolded plugs).
For the hREAT measurements done using the Rion AG-20A, the headphones were first fitted over the exposed ears, and then the start button was pressed. The subject continuously pressed the response button as long as he could hear the test sound (pure tone with a frequency of 2 kHz and an interruption period of 0.5 s) from the internal speakers of the headphone, and he released the button when he could no longer hear the sound. Second, subjects inserted their earplugs, the headphones were again placed over the ears, and the HTLs were measured. The difference between the HTLs with earplugs and without the earplugs was automatically calculated and expressed as the hREAT result.
The F-MIRE measurements were performed using a 3M E-A-Rfit, which contained a tiny microphone capsule that was inserted into the ear canal and shielded from the external environment by an earplug (Fig. 1) . One section of the dual-element microphone coupled to the earplug sampled the sound pressure levels in the ear canal, and the other section sampled the external sound field. The F-MIRE system used a dedicated spectrum analyzer to determine the noise reduction, as fitted, at seven octave-band test frequencies from 125 Hz to 8 kHz. The subjects used the same type of plugs or similar ones to the plugs they used for the hREAT measurement.
Depth of inserted earplugs
Photographs were taken of all the subjects when they were wearing the earplugs during the F-MIRE test. The depths of insertion were classified into three types: shallow (PI: about 10-30% of the plug inside the ear canal), standard (SI: about 40-60%) and deep (DI: about 70-100%). The depths were quantified (PI = 1, SI = 2, DI = 3) and used in comparison of the hREAT+ and hREAT-groups (as explained below).
Statistics
Data are expressed as means ± SD. Statistical analysis was performed with SPSS 17.0J for Windows.
The mean HTLs or NA values were analyzed using the Student's t-test. The significance of depths of the inserted earplugs as categorical variables was determined using the Student's t-test and one-way ANOVA. The correlation between the groups was evaluated using Pearson's correlation test. A significance level of 0.05 was used for all statistical tests.
Results
Audiometry
The mean values of the HTLs at 500 Hz, 1 kHz, 2 kHz, 4 kHz and 8 kHz for all the subjects were 21.2 ± 10.0, 16.5 ± 9.5, 19.2 ± 13.5, 25.0 ± 20.7 and 31.1 ± 22.3 dB, respectively ( Table 1 ). The mean value of the HTLs at 500 Hz, 1 kHz and 2 kHz (HTLs, 500Hz-2kHz = (500 Hz + 1 kHz + 2 kHz) / 3) was 19.9 ± 9.6 dB ( Table 2) , and the HTLs, 500Hz-2kHz of 16 subjects exceeded 30 dB.
NA values of earplug obtained using hREAT and F-MIRE
The HTLs of four subjects (two wearing earplugs in both ears, one wearing an earplug only in the right ear, and one wearing an earplug only in the left ear) could not be measured by hREAT (hREAT-group); and this group had a mean value of 45.8 ± 3.1 dB for HTLs, 500Hz-2kHz (Table 2 ). For the subjects whose NA could be measured by hREAT (hREAT+ group), the mean NA and HTLs, 500Hz-2kHz were 26.0 ± 10.0 and 18.0 ± 8.6 dB. The mean value of the HTLs, 500Hz-2kHz of the hREAT-group was significantly lower than that of the hREAT+ group.
In addition, the right HTLs at 2 kHz of the hREAT+ n, number of ears. hREAT, headphone-based real-ear-attenuation-at-threshod. F-MIRE, field microphone-in-real-ear. hREAT+, group in which the effect of NA could be measured by hREAT. hREAT-, group in which the effect of NA could not be measured by hREAT. n.m., not measured. *p<0.05, **p<0.01; compared with the hREAT+ group.
and hREAT-groups were significantly different from 17.9 ± 10.6 dB to 63.3 ± 2.9 dB, respectively, for the right ears and from 17.6 ± 12.0 dB to 55.0 ± 15.0 dB for the left ears. The mean value of the HTLs of the hREAT-group at 2 kHz was 59.2 ± 10.2 dB. The NA could be measured for all subjects in this study by using F-MIRE. The NAs of the hREATand the hREAT+ groups were 9.5 ± 8.7 dB and 21.0 ± 7.3 dB, respectively. The NA measured by F-MIRE for the hREAT-group was significantly lower than that measured by F-MIRE for the hREAT+ group.
The values of the Pearson's correlation coefficients showed that the NA obtained by hREAT (excluding that of the hREAT-group) was related to that obtained by F-MIRE (for both ears, r=0.54 and p<0.001; for the right ear, r=0.52 and p<0.001; and for the left ear, r=0.48 and p<0.001). The mean [(NA of hREAT) -(NA of F-MIRE)] excluding the NA of the hREAT-group was 5.0 ± 8.8 dB.
The mean value of HTLs of the hREAT-group at 1 kHz and above was significantly lower than that of the hREAT+ group (Table 1 ). For the low frequencies measured by F-MIRE, less than 500 Hz and 4 kHz, the NA for the subjects of the hREAT-group wearing an earplug only in the right ear was significantly lower than that of the hREAT+ group.
Depths of the inserted earplugs and the NA obtained by F-MIRE
The numbers of subjects belonging to the PI, SI, and DI groups according to the depths inserted their earplugs were 27, 96 and 55, respectively, and their mean NAs obtained by F-MIRE were 9.9 ± 6.4, 20.9 ± 6.0, and 25.4 ± 5.1 dB, respectively ( Table 3) . The deeper the earplug was inserted, the greater was the increase in the NA effect. The mean value of the quantified depth that the earplug was inserted for the hREAT-group was 1.3 ± 0.5, which was significantly lower than that (2.2 ± 0.6) of the hREAT+ group.
In other words, the members of the hREAT-group inserted their earplugs to a shallow depth.
Dependence of HTLs, 500Hz-2kHz , NA by hREAT and F-MIRE on the types of earplugs
The mean HTLs, 500Hz-2kHz for the foam, pod and premolded plugs were 17.8 ± 7.8, 22.3 ± 12.0 and 19.6 ± 9.0 dB, respectively ( Table 4 ). The HTLs, 500Hz-2kHz for foam plugs was a little lower than that of the other plugs. The values of NA obtained by hREAT and F-MIRE were 30.0 ± 5.4 and 22.6 ± 5.1 dB for foam plugs, 25.8 ± 8.8 and 18.8 ± 7.4 dB for pod plugs, and 23.4 ± 11.5 and 20.0 ± 9.4 dB for premolded plugs, respectively. The NA effect of the foam plugs as measured by F-MIRE was significantly larger than that of the pod plugs.
Discussion
The mean NA values measured using the hREAT and F-MIRE techniques were 26.0 ± 10.0 dB (not including the hREAT-group) and 21.0 ± 7.3 dB, respectively. Previous studies have suggested that educating workers by quantitatively showing them the NA effect of earplugs may be effective [5] [6] [7] . Both test systems would benefit from a real-time automated screening function that would reject the measurements indicating a negative personal attenuation rating and require the worker to undergo retraining and retesting. n, number of ears. hREAT, headphone-based real-ear-attenuation-at-threshod. F-MIRE, field microphone-inreal-ear. hREAT+, group in which the effect of NA could be measured by hREAT. hREAT-, group in which the effect of NA could not be measured by hREAT. HTLs, 500Hz-2kHz , mean value of HTLs at 500 Hz, 1 kHz and 2 kHz. n.m., not measured. **p<0.01 compared with the hREAT+ group. . These effects were still observed about two months after the intervention. These results suggest that quantitative feedback in individual training may be an effective means to increase both the usage rate and the proper use of HPDs. The advantage of using an objective F-MIRE technique is that the speed of the measurement process, typically 10 s or less, allows the testing of multiple refits, as the principal time cost is then the fitting of the plug and not the time devoted to obtaining the measured results [12] [13] [14] . The mean value of the HTLs for the hREATgroup at 2 kHz was 59.2 ± 10.2 dB. Because the hREAT measurements taken by the Rion AG-20A used a pure tone with a frequency of 2 kHz, it may be difficult to measure the NA for subjects with hearing loss at 2 kHz using this method. Regardless of the subjects' hearing impairment, F-MIRE could measure the NA of all subjects in this study. This result may be because the objective measurements of the MIRE technique were made through the use of a microphone and did not depend on the subjective response 8, 12) . The NA measured by F-MIRE for the hREATgroup was significantly lower than that for the hREAT+ group in this study (Table 1) . Furthermore, the depths to which the earplugs were inserted by the hREATgroup were significantly shallower than those of the hREAT+ group. Therefore, the decrease in the NA for hREAT-group might result from the shallower earplug depths used by hearing-impaired workers. Many previous studies did not include severely hearing-impaired workers 2-7, 9, 10, 12-15) , but hearing-impaired workers are often present in very noisy workplaces. Occupational health staffs should guide workers in proper use of HPDs to prevent severe NIHL. F-MIRE appears to be useful for measuring NA for workers with severe hearing loss as well as for those with normal hearing.
The difference between the mean NA value measured by hREAT and that measured by F-MIRE might be caused by the difference in their computational methods. In the F-MIRE technique, the NA values were calculated at seven frequencies from 125 Hz to 8 kHz using the 3M E-A-Rfit [8] [9] [10] . The hREAT measurements were made using the Rion AG-20A only at 2 kHz 15) . It may be necessary to compare the NA measured by F-MIRE with that measured by hREAT, which can obtain measurements at a wider range of frequencies. However, it is difficult to measure the NA by hREAT at many frequencies in a real industrial workplace, because hREAT requires more time to measure the NA. We should evaluate the measurement of NA at other frequencies using hREAT in further research.
Moreover, there might have been inherent variability in the measurement by hREAT, since the data depended on the subject's ability to track his own threshold. The F-MIRE results were obtained by conducting objective tests for less than 10 s per ear, so this technique did not require a subjective test response. The sensor in this case was a suitably positioned microphone instead of the eardrum or the cochlea [8] [9] [10] . In this procedure, the positioning of the microphone in the ear canal or in the HPD was crucial so as to prevent it from materially affecting the performance of the HPD; this was true whether the HPD was a foam plug, stemmed-style pod plug, or premolded earplug 16, 17) . Therefore, it is inappropriate to compare the gross NA values obtained by hREAT with those obtained by F-MIRE; it is necessary to compensate for the values, when they are compared. In this study, the NA obtained by hREAT was related to that obtained by F-MIRE, and the mean of [(NA by hREAT) -(NA by F-MIRE)] was 5.0 ± 8.8 dB.
A method for estimating the REAT using NA measurements and associated compensation factors has been presented by Voix and Laville 12) . It requires a microphone correction to account for the length of the probe tube between the microphone and the eardrum and a post-computational correction to account for the bone-conduction pathways that MIRE leaves out 8, 14) . The NA measured by REAT differs from the NA measured by F-MIRE because of factors represented by the transfer function of the open ear (TFOE) (e.g., NA of REAT = NA of MIRE + TFOE) 8) , and these factors are frequency-, ear-and subject-specific 14) . Futhermore, measurements by F-MIRE could have the disadvantage that the earplugs used for F-MIRE allow some leakage through the probe tube. Thus, there is a difference between the mean values obtained using hREAT and F-MIRE.
Worn correctly and consistently, HPDs can prevent NIHL in virtually all cases 11) . The purpose of individual fit testing, as performed in the hREAT or F-MIRE techniques, is to train and motivate noise-exposed workers to wear their HPDs [8] [9] [10] [11] [12] . Occupational health staffs should be aware of all the features of hREAT and F-MIRE, and they should make use of this knowledge to prevent NIHL. In addition, workers with hearing loss and the length of the measurement time need to be taken into consideration, and the F-MIRE method may be useful for educating workers about using earplugs in noisy workplaces.
